ABSTRACT: In the relatively simple Baltic Sea ecosystem, zooplankton-feeding sprat Sprattus sprattus is a major food source for breeding seabirds and piscivorous fish, and an important resource for commercial fisheries. Large-scale and long-term ecosystem changes resulting mainly from over fishing and recruitment failure of cod Gadus morhua, which is the main fish predator of sprat, have affected natural-history patterns in a piscivorous seabird, the common guillemot Uria aalge, in a complex way. As the sprat stock increased, leading to lower energy content of fish, common guillemot chick body mass at fledging decreased. However, chick fledging body mass recovered in recent years as the sprat stock diminished, which brought about corresponding increases in sprat weight-at-age and energy content. The cod and sprat fishery affect the common guillemots in the Baltic Sea, but the effects differ depending on the management strategy.
INTRODUCTION
The ecosystem approach to fisheries management is intended as a step towards sustainable use of marine ecosystems; however, this can be complicated. The cod Gadus morhua stock in the Baltic Sea collapsed in the late 1980s, resulting in a 4-fold increase in the abundance of sprat Sprattus sprattus (the main prey of cod), which reached a peak in 1996 (ICES 2005a) . During this period, zooplankton biomass decreased (Möll-mann & Köster 2002) , mostly due to sprat predation (Casini et al. 2006) . In response, fishery management allowed the sprat fishery to increase more than 5-fold during the 1990s. This increased fishing mortality exceeded the defined precautionary level in 1997-98, and the abundance of sprat (and catch) decreased despite above-average recruitment during several years (ICES 2005a) . Currently, the stock is characterized as being within safe biological limits. The stock of other common zooplanktivorous fish species, e.g. herring Clupea harengus, has decreased continuously since the 1970s (ICES 2005a) . Environmental variables (e.g. spring water temperatures and ice coverage) are important in determining recruitment of the sprat and herring stocks in the Baltic Sea (Axenrot & Hansson 2003 , MacKenzie & Köster 2004 , ICES 2005a , but available evidence indicates that fishing mortality is an important driver for the development of these clupeid stocks in the region (ICES 2005a) . The clupeids (sprat and herring) are, with cod, the main target species in the Baltic Sea fisheries (ICES 2005a) . We show here that alternative ways to manage stocks of sprat and its main predator (cod) in the Baltic Sea result in opposing cascading effects on a regionally vulnerable seabird: the pursuit-diving common guillemot Uria aalge. Cairns (1987) predicted that seabird breeding parameters should vary with food supply, and a number of long-term studies have correlated food supply to breeding and other demographic parameters (Sydeman et al. 1991 , Ainley et al. 1995 , Anker-Nilssen et al. 1997 , Oro & Furness 2002 , Oro et al. 2003 . However, environmentally driven changes, e.g. climate-related effects on timing of breeding and thereby breeding success and chick growth and condition (Bertram et al. 2001 , Davoren & Montevecchi 2003 , Gjerdrum et al. 2003 , buffering mechanisms (e.g. diet switching) and variation in predation pressure, generally complicate the interpretation of data (Furness 2003) . Theory predicts that surface-feeding seabirds are more sensitive to changes in food supply than pursuit-diving seabirds (e.g. common guillemots), and there is also some empirical support for this (Furness 2003) . However, pursuit-diving species may also be very sensitive to changes in food supply (e.g. Ainley 1977 ). The common guillemot is a highly specialized feeder and a single-prey loader (Bradstreet & Brown 1985) , i.e. when provisioning their chick, only a single prey item is brought to the chick by a parent. Thus, the size (energy content) of that prey item is important. The vulnerability of pursuit-diving species can be illustrated by, e.g., an unprecedented breeding failure of common guillemots in the North Sea in 2004, likely due to a drastic reduction in the energy content of their prey (Wanless et al. 2005) .
We used a unique, long-term data-set on a seabird that feeds almost exclusively on sprat (Hedgren 1976 , Lyngs & Durinck 1998 to investigate its response to the long-term changes in the Baltic Sea fish community. In Österblom et al. (2001) , we previously reported the first part of this study: how the birds responded in a counter-intuitive way (decreased fledging body mass) to the increasing sprat stock. Now we provide the second part, which strengthens our previous conclusions and illustrates a response of the birds to the decreasing sprat stock.
MATERIALS AND METHODS
Stora Karlsö (57°17' N, 17°58' E) has the largest breeding colonies of common guillemots in the Baltic Sea, and is likely to be a source area for the population in the region. Ringing data show that common guillemots disperse from this island to other colonies in the Baltic (Lyngs 1992) . Data on mean body mass of common guillemot fledglings at Stora Karlsö were collected in 1972 to 1976 (Hedgren 1979 (Hedgren ), 1989 (Hedgren and 1991 (Hedgren to 2004 . The number of chicks ringed and weighed varied among years, with an average of 1179 chicks (range 208 to 3314, except for 1996 when only 46 chicks were ringed and weighed due to less ringing activity). In the regression analyses, annual mean chick weights were assigned loads relative to the number of chicks that were weighted that year. Chick fledging mass was used as an indicator of chick condition, and all chicks included in the study from 1989 to 2004 were weighed at or near the median fledging date. Hedgren (1979) found that mean body mass of chicks fledging at Stora Karlsö decreased by an average of 2.6 g d -1 after the median fledging date. Thus, chicks fledging early or in the peak of the fledging season weighed more than those fledging later. To decrease the effects of a lower mean fledging body mass due to this seasonal variation, chicks weighed after 4 July were excluded from the sample between 1989 and 2004. We only had access to mean fledging weights during the 1970s, and were unable to make this correction for these data. However, the vast majority of weight data from 1972 to 1976 were obtained under similar conditions (Hedgren 1979) , and there was no difference in age at fledging between 1975 and 1998 (Österblom & Olsson 2002) , indicating that data from these 2 time periods were sufficiently comparable for our analysis.
Hedgren (1976) and Lyngs & Durinck (1998) illustrated that a large proportion (> 90%) of common guillemot chick and adult diet consists of sprat. In 1998, 96.5% of all fish brought to chicks at Stora Karlsö were identified as clupeids, presumably sprat (Öster-blom & Olsson 2002) . Analogous observations were made in 2002 and in 2004, i.e. 98.3 and 91.7% clupeids, respectively (authors' unpubl. data) . We thus assume that chick diet mainly consisted of sprat throughout the study period.
We used data on abundance and mean weights of sprat for the period 1974 to 2004 in the central Baltic Sea (ICES 2005a) . The mean weight of sprat was calculated from commercial landings obtained throughout the year, and the overall mean was calculated for each age class (M. Cardinale pers. comm). The mean weight of sprat of different age-classes shows similar time trends (ICES 2005a) and we primarily used the mean weight of age 4 sprat in our analyses, because the mean weight of sprat consumed by common guillemot chicks at Stora Karlsö during the 1970s (13.3g; Hedgren 1976) was similar to the mean weight of age 4 sprat during that time period (13.4 g: ICES 2005a ). However, we also used information from age-classes 2, 3 and 5, as field observations during recent years indicate that these age-classes also can be important in the chick diet (authors' unpubl. data).
To assess possible confounding relationships with physical factors, we used linear regression analysis to investigate the relationship between common guillemot mean fledging mass as a dependent variable and the NAO (North Atlantic Oscillation) index (J. Hurrell unpubl. data, available at www.cgd.ucar.edu/cas/ jhurrell/indices.html) between 1972 and 2004, which is a climate index correlated to Baltic Sea ice cover and water temperature during spring (MacKenzie & Köster 2004) , as the independent variable. We also used anomalies from the long-term average air temperature in February to May and also in June as independent variables, during the same time period. Hedgren (1979) found that pre-breeding climatic condition for adults (February to May) affected the timing of breeding (i.e. warm spring = early breeding) during the 1970s, and fledging body mass during the 1990s was negatively correlated with deviations from long-term average air temperature in June (Österblom et al. 2001) . Air temperatures were from Visby airport (the nearest weather station) and were provided by the Swedish Meteorological and Hydrological Institute. Long-term average air temperatures were determined from 1961 to 1990.
In order to assess the importance of different drivers affecting the sprat stock dynamics, we used data on the relative proportions of predation and fishing mortality for sprat in the central Baltic, estimated by Multispecies Virtual Population Analysis (MSVPA) (ICES 2005b). We did not include predation pressure from birds in this analysis of mortality for sprat, due to limited knowledge on the dynamics of the common guillemot population in the area. Available estimates indicate that the assumed 40 000 individuals of common guillemots consume 5000 t sprat yr -1 , which is less than 5% of cod predation and the commercial fisheries landings, (Lyngs & Durinck 1998) . The common guillemot is likely to be one of the most important avian predators of sprat in the region.
RESULTS
The large-scale changes in the Baltic Sea fish community, with peaking abundance of sprat in the mid1990s (Fig. 1) and a subsequent decrease in abundance, is reflected in the fledging mass of the sprat-feeding common guillemot (Fig. 2) . In addition to our previously reported decrease in fledging mass as a response to the decreased weight-at-age of sprat (Fig. 2) , we here show how the birds' fledging mass increased as a response to the recent increase in sprat weight-at-age. There was a significant negative correlation between common guillemot fledging body mass and the abundance of age 4 sprat (p < 0.04, r 2 = 0.24, Fig. 3A) , as well as between fledging body mass and the sum of the abundance of sprat in age-classes 2 to 5 (p < 0.04, r 2 = 0.24). The qualitative changes in sprat (weight-at-age) was the result of changes in the abundance of sprat, i.e. the mean weight of sprat at a given age (e.g. age 4) was significantly negatively correlated with the total abundance of sprat (p < 0.0001, r 2 = 0.49, Fig. 3B ) between 1974 and 2004. Our study indicates that these qualitative changes affected common guillemot fledging body mass, as there was a significant positive correlation between the mean weight of age 4 sprat and common guillemot fledging mass between 1974 and 2004 (p < 0.001, r 2 = 0.55, Fig. 3C ). The correlation was also significant when the body mass of other age classes was used (age 2: p < 0.03, r 2 = 0.26; age 3: p < 0.02, r 2 = 0.34; age 5: p < 0.001, r 2 = 0.52). We found no significant correlations between common guillemot fledging mass and abiotic variables, i.e. there was no significant correlations with the NAO index (p < 0.07, r 2 = 0.17) or with anomalies from long-term average air temperatures between February and May (p > 0.1, r 2 = 0.00) or June (p > 0.1, r 2 = 0.07). These results indicate that fledging mass of common guillemot chicks was not affected by climate-mediated changes in timing of breeding, or by direct effects of weather on the mass of the chicks. Instead, this study indicates that changes in the mean weight of sprat, mediated by changes in sprat abundance, had an effect on common guillemots.
The decrease in cod in the late 1980s ( Fig. 1) led to a rapid increase in sprat (Fig. 1, ICES 2005a) . As a consequence, since the early 1990s, sprat fishing mortality has increased (ICES 2005a) and is currently higher than predation mortality (Fig. 4) . 
DISCUSSION
In Österblom et al. (2001) , we reported high chick fledging mass during the early 1990s, which corresponded to the fledging mass in the 1970s, indicating good conditions; thereafter, weights began to drop (Österblom et al. 2001, this study) . This was surprising, as it coincided with an increase in the abundance of common guillemot's main prey (sprat) during the 1990s, following the cod stock collapse (ICES 2005a, this study). However, sprat abundance decreased from the end of the 1990s and common guillemot fledging mass recently increased, thus confirming this unexpected, reverse response to sprat stock size.
Fledging mass was significantly positively correlated with mean weight of sprat. Hedgren (1976) and Lyngs & Durinck (1998) previously illustrated the importance of sprat in common guillemot diet in the Baltic Sea, and our results, which demonstrate that the fledging body mass of chicks is correlated with the mean weight of sprat, may confirm that in this area the breeding success of common guillemots is dependent on sprat as a food source. The fat content of herring (the other potential prey for common guillemots) in the Baltic Sea is significantly lower than that of sprat ; thus, common guillemots have limited capacity to switch to alternative suitable prey during periods of low sprat abundance or when sprat become lean.
The common guillemot is specialized in feeding on fish with high energy density, and it has a fast, relatively inefficient and inflexible digestive process (Hilton et al. 2000) . Digestive efficiency in seabirds decreases with decreasing lipid (i.e. energy) content (Brekke & Gabrielsen 1994) , and energy content is highly correlated with sprat weight (Hilton et al. 2000) . A range of pelagic fish species suitable for seabirds in, e.g., the North Sea (Hislop et al. 1991) and Gulf of Alaska (Anthony et al. 2000) show positive correlations between energy content and size-at-age. The variation in sprat weight observed in the Baltic Sea is thus presumably also correlated with energy content. High sprat abundances lead to a decrease in its quality as food to common guillemots, and hence to reduced chick fledging mass. This study thus indicates that pursuit-diving seabirds are also sensitive to variation in food quality (cf. Wanless et al. 2005) . Decreasing mean weights in another Baltic Sea clupeid (herring) during the 1990s has been attributed to either salinity-derived changes that affected zooplankton prey biomass (a bottom-up mechanism, where decreasing salinities negatively affect the marine copepod Pseudocalanus elongatus, the main prey for herring in the area; Möllmann et al. 2003 , Rönkkönen et al. 2004 or increased competition with sprat (a topdown mechanism; Casini et al. 2006 ). However, available evidence suggests that the deteriorated condition of sprat during the 1990s was mainly due to increased sprat abundance, which intensified the intra-and inter-specific competition in the clupeid population and resulted in a density-dependent decrease in clupeid growth (Casini et al. 2006) .
The fishery can affect the sprat stock both directly, by fishing for sprat, and indirectly, by controlling the dynamics of its key predator, cod. The drop in cod abundance from the mid-1980s was due to increased fishing, combined with decreased recruitment owing to oxygen depletion in the Baltic main deep basins (Bagge & Thurow 1994 , ICES 2005a . The increase in sprat from the 1990s was principally linked with reduced predation, as sprat is the main prey for cod in the Baltic (Horbowy 1996 , ICES 2005b . Currently, sprat stock dynamics are principally driven by fishing effort and environmentally mediated recruitment variation. The cod stock is held at current low levels by a high fishing pressure, a lack of suitable spawning areas (i.e. low salinity and oxygen deficiency in the main Baltic basins), and possibly clupeid predation on cod eggs (ICES 2005a,b) . It has been proposed that sprat predation on cod eggs, or cod predation on sprat, can lead to shifts between a clupeid-or cod-dominated Baltic food-web (Rudstam et al. 1994 ). However, a reduction in fishing mortality is considered necessary for the cod stock to rebuild (ICES 2005a) . Differences in management, acting on sprat, herring or cod, could directly or indirectly alter the sprat stock, and produce different cascading effects on the common guillemot populations through regulation of clupeid competition and growth.
This study provides a unique illustration of a consistent, short-and long-term relationship between common guillemot fledging body mass and mean weight of sprat. The mean weight of sprat has changed due to, e.g., changes in sprat abundance, which in turn has been affected by cod predation and the commercial fishery for sprat. The observed effects on common guillemot, a piscivorous seabird, were mediated by fisheries-and environmentally driven changes in the quantity and quality of its food source. Management targets for the sustainable use of marine resources should not be based solely on the priorities of the fisheries sector, if a healthy ecosystem is desired. However, the complex trophic interactions described for this relatively simple ecosystem illustrate the substantial challenges that lie ahead.
